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ABSTRACT
An experimental investigation is made of the interaction of a
hydrogen plasma with the magnetic field of a solenoidal coil. Both
reflected shocks and channelling phenomena are studied. Smear
camera measurements of the reflected shock and channelling effect
indicate that as the plasma enters the field region, the conductivity
increases.
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INTRODUCTION
Background
In recent years much effort has been devoted to the production of
electrical energy through the media of fluids in motion under the influ.
ence of magnetic fields. The major drawback in most schemes has
been the low conductivity to density ratios of any liquids, including
mercury and sodium. In order to obtain ratios high enough to make
a device feasible, highly ionized, seeded plasmas can be used. Also
the low density of a gas as compared to that of a conducting liquid,
suggests many applications in situations where weight is an important
factor.
One method of converting the kinetic energy of a plasma, is to pass
pulses of the gas through the center of a coil. As the gas passes
through, the flux of the coil changes, and induces a voltage. This
phenomenon can be utilized to build a parametric generator.
Objectives
In order to build such a device, the interaction of the gas with the
magnetic field must be understood. Some theoretical analyses of an
ionized gas impinging on a magnetic field discontinuity, have been
done.(1, 2,3) All of these analyses assume the gas to have infinite con--
ductivity and the magnetic field to be a uniform field purly transverse
to the direction of flow. In the device we are describing, the field has
components both parallel and transverse to the flow, which cause
the gas to be compressed and a shock to be reflected by the field
discontinuity. Furthermore, the infinite conductivity assumption is
unrealistic when considering an energy conversion device. A realistic
theoretical prediction of the interaction is therefore complicated.
The main objective of this experiment is to study the reflection of
a shock, but some experimental data concerned with the compression
of the plasma are also presented.
Description of Experiment
The geometry used is shown in Fig. 1. A coaxial driver is used
to drive the plasma into a 51 mm cylindrical pyrex tube. The shock
is formed by discharging ten parallel . 25 microfarad capacitors,
charged to 24 kv, across the inner and outer conductors of the driver.
(4)The trigger circuit for the shock tube is described by A. T. Lewis
in a summary of shock tube research. The shock passes through a
solenoidal coil which has a pickup coil wound around the tube parallel
to the field coil. High current pulse circuitry which is described in
Appendix A, excites the field coil with a pulse whose length is long
enough to create a magnetic field which looks essentially constant to
the plasma.
Initially, velocity measurements were made with photomultipliers
placed a known distance apart along the tube. Velocity measurements
have since been improved upon through the construction of a rotating
mirror camera. A description of the smear camera and associated
instrumentation appears in Appendix B. Velocity measurements were
made by placing a longitudinal slit along the direction of flow. The
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shock front is observed as a discontinuity in light, produced by recom-
bination in the gas behind the shock as it moves down the tube. Smear
camera pictures are also made through a slit transverse to the flow
direction. The slit is placed 1 cm upstream from the field coil so
that the channelling effect can be observed.
The procedure used for making one shock measurement is as
follows.
With smear camera rotating at desired speed:
1. Pump system down to 1 micron of Hg. Close pump off.
2. Inject hydrogen through liquid air cold trap into shock tube until
desired initial pressure is reached.
3. Charge capacitors in magnetic field system and then charge
shock tube capacitors.
4. Switch off all lights and fire system.
Although measurements are made at many different initial pres -
sures and discharge voltages, a description of the resulting shock
wave produced under a given set of conditions, is presented so that
the reader may become aquainted with the parameters involved. All
measurements are made in hydrogen.
Initial pressure . 1 mm Hg
Discharge voltage 24 ky
Velocity measured at driver 9. 5 cm/As
Mach Number 72
Conductivity 2. 25 X 104 mhos/meter
Temperature 69 x 103 *K
Magnetic Reynold's number 62
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DESCRIPTION OF INTERACTION
Reflected Shock Discussion
Consider a slug of ionized gas moving into a solenoidal field coil.
As shown in Fig. 2, the velocity of the gas combined with the radial
compoent of the B field induces an azimuthal current in the gas as
T = (E +V XB) = -aVBr 0(1)
The J X B forces produced by this induced current and the magnetic
field have two effects on the gas.
Je X B = -VBi - O-VBBtr (2)
The first expression is a force which opposes the motion of the
oncoming gas. The forces in the radial direction channel the gas into
a smaller cross section as the gas approaches the center of the coil.
These combined phenomena are strongly coupled through changes in
the parameters of the gas.
The curves of Fig. 3 show the ratio of the radial field to the maxi-
mum field at the coil center, plotted for different radial positions as
a function of the axial distance from the center of the coil. It is
apparent that an incoming slug of gas can never be reflected from a
distance less than the axial position at which the radial field is a maxi-
mum. Secondly, if channelling is neglected, and gas conductivity is
constant, the gas reflects from a distance further away from the cen.
ter of the coil as the applied field is raised. This is done in such a
manner as to keep the radial force term in Eq. 2 constant, and therefore
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the radial magnetic field component constant. This curve is plotted
along with the experimental curve in Fig. 4.
Effects of Channelling on Reflected Shock
Some qualitative corrections can be made on the theoretical curve
of Fig. 4 by considering the effects of channelling on the gas. First,
as the plasma is channelled, the increase in density results in the
need of a larger force to reflect the shock. This causes the curve of
Fig. 4 to shift to the left as shown. Secondly, the area change in the
gas, due to channelling, results in the gas seeing lower radial fields
as it moves into the coil. The increased density causes a temperature
increase as given by the relation
T pT -(3)
o (o
which is for a perfect gas under isentropic conditions, where y is the
ratio of specific heats. This combined increase in termperature and
density causes the conductivity to increase as shown from the relation
by Spitzer (5
1. 53 X 10~4 T3/2 (4)lnA
where
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where a- is the electrical conductivity, k is Boltzmann's constant,
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e is the electronic charge and i1e is the free electron density. This
increase in conductivity shifts the curve to the right, since the lower
conductivity at far distances from the coil requires an increase in
radial field in order to keep the force constant. Finally, the field con-
figuration changes, as shown by the magnetic Reynold's number
R induced d (6)
imposed t
where x is the magnetic permeability, Ic is a characteristic length
of the interaction (in this case the tube radius), Td is the time for the
gas to diffuse into the field, and Tt is the time needed for the gas to
travel a characteristic length through the field. These qualitative
results are summarized below
Density increase - curve shifts to left
Area decrease - curve shifts to left
<r increase - curve shifts to right
Finally it is desirable to determine a relation between the Mach
number of the various shock waves and the magnetic field of the coil.
To find an order of magnitude relation, the interaction can be approxi-
mated by considering the interaction of a moving shock, impinging on
a transverse magnetic field discontinuity as shown in Fig. 5. Both
reflected and transmitted shocks are shown. From the modified
Navier -Stokes equation
IV
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it follows, assuming steady flow, that
p(YV )V +-- + (8)
-(8)
This indicates an effective pressure
* B2P P +-- (9)2
Neglecting ionization effects and channelling, and assuming isentropic
steady flow of a perfect inviscid gas, and uniform gas parameters
behind the shock, the relation between the pressures across a shock
as given by Shapiro (6)is
1 + y M2
y (10)
-V - --- 7
y 1+yM
where x and y refer to parameters of the gas upstream and down-
stream from the shock front, and M is the Mach number measured
from the shock front, based on the local sound velocity. As the plasma
impinges on the magnetic wall it slows down, causing a piling up of
the gas particles and in the limit, a reflected shock.
In Appendix C, a criterion is developed for which Eq. 10 can be
applied to a shock front in a magnetic field using the pressure as
defined in Eq. 9. Applying this equation to Fig. 5, results in a fourth
degree polynomial in the reflected shock Mach number as a function
B2
of the magnetic to static pressure ratio, . Under further assump-
tions this equation is reduced to a quadratic and can be solved for Mc
Unfortunately only one of the experimental points falls in the region in
which we can apply this simplified equation. The theoretical analysis
predicts two reflected shock Mach numbers. One of these values
violates the assumption used to reduce the equation to a quadratic.
The other value predicted is 8. 5. The measured Mach number is 3. 2.
This result is quite satisfactory considering the assumptions necessary
to reduce the real problem to the simplified model analyzed. Under
these circumstances only an order of magnitude agreement can be
expected.
THE EXPERIMENT
Shock Driver
The device used to drive the shock is a set of coaxial electrodes as
shown in Fig. 1. The center electrode is hollow in order to make the
tube accessible to the vacuum and cold air trap systems. When the
driving capacitor is discharged across the electrodes, an aximuthal
magnetic field is induced and interacts with the radial currents to create
a force on the gas which drives it down the tube. The ohmic dissipa-
tion heats the gas to a point where it ionizes. It is heated further
through compression by the driving force. Initially the shock front is
donut-shaped due to the driver geometry.. Therefore all measurements
are made four tube diameters away from the driver exit to ensure that
the shock front is predominantly planar. Smear camera measurements
indicate that this is in fact the case. A disadvantage of this new posi-
tion is the lower velocity of the plasma when it gets to the coil, due to
the kinetic energy lost as it propagates along the tube.
Smear Camera Measurements along Tube
Smear camera measurements made with a slit along the tube are
taken with a writing speed of . 42 pLs/mm. All measurements are made
with an initial driver voltage of 24 kv, and initial pressures ranging
from . 1 mm Hg to 1. 0 mm Hg. Fig. 6a is a typical smear camera
picture taken along the tube with no applied magnetic field. The thin
vertical stripes are centimeter marks made on the shock tube in order
to measure distances, while the wide vertical stripe is the field coil.
A shock wave is moving to the left, with a reflected shock coming off
the end wall of the tube. Fig. 6b is a picture taken with an applied
magnetic field of 24, 000 gauss. A shock is seen reflecting off the field
coil. At this high field a large fraction of the gas does not pass through
as verified by the difference in light intensities of the shocks reflecting
from the end wall.
A velocity at the field coil versus pressure curve is shown in Fig. 7.
Although maximum velocities occur at pressures below . 1 mm Hg, all
measurements are made at higher pressures because of the higher light
intensities produced.
In Fig. 4 an experimental curve is plotted showing the apparent
origin of the reflected shock measured with respect to the center of
the field coil, versus the axial field value at the coil center. Each
apparent origin point is an average of six smear camera measurements.
This is necessary due to the difficulty in accurately extrapolating the
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reflected shock front to the origin. The curve verifies,within experi-
mental error, the prediction that the initial shock origin is not less
than the peak radial field position of the coil. Also, the curve indicates
that the conductivity increases as the gas is channelled in the light of
predicted curve discussions. There is also an indication that the
reflected shock is formed by the radial field component, since the
shapes of the predicted and reflected shock curves are very similar.
Extensive measurements made indicate that there is a threshold
field below which a reflected shock does not appear. These data are
presented below. Magnetic field values are accurate to ±30 gauss.
The radial field value given is the space average of the radial varia-
tion of the applied field at the axial position of the reflected shock.
Initial Pressure
(mm Hg)
-.1
.2
.3
.4
.5
.6
.7
.8
.9
B
r
Average
(gauss)
300
220
165
165
165
165
140
Initial Apparent Origin
(cm)
no reflected shock observed
no reflected shock observed
1.3
1.4
1.5
2.1
2.0
2.5
3.0
Reflected shock
Velocity
(cm/hs)
.47
.43
. 54
.60
.65
.55
.63
The value of the static Br is not necessarily the field actually
reflecting the shock because the gas changes the field configuration.
Below . 2 mm Hg no reflected shocks can be observed for applied
fields up to 30, 000 gauss. The low ratio of Larmor frequency to col-
lision frequency indicates that this is not due to the particles following
the magnetic field lines at these low pressures. It is possible that a
reflected shock is present, but the light output is too low to be seen
due to the gas densities.
Flux Excluded Curves
A ten turn pickup coil in a shielded copper enclosure is placed on
the tube so that it measures axial flux. The output of this coil is put
into a . 1 sec time constant integrator and is observed on an oscilli-
scope. By measuring the integral of the induced voltage and taking its
ratio to the applied flux, a plot can be constructed of this ratio versus
applied magnetic field.
The curve presented in Fig. 8, indicates that the gas is being
channelled as the field is increased because the flux -excluded ratio is
dropping. However, definite information concerning the cross sec -
tional area change of the shock cannot be obtained from this plot alone,
because a change in conductivity also affects the shape of the curve.
Smear Camera Pictures of Slit Across Tube
By placing a slit across the tube one centimeter upstream from
the field coil, a smear camera photograph of the shock can be taken as
it enters the magnetic field. Pictures are taken at 650 cps (.32 pLs/mm
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writing speed), for various applied magnetic fields. Fig. 9 shows
three pictures taken across the tube with the shocks moving to the
left. Fig. 9a is with no applied field. The shock front is planar, but
the gas behind is turbulent and not uniform. Figs. 9b and 9c are with
applied fields of 8, 000 and 20, 000 gauss respectively. The plasma
is strongly channelled as demonstrated by these photographs. The
incoming velocities of all these pictures are about the same. However,
the gas diffuses back into the magnetic field in much less time in
Fig. 9b, then in Fig. 9c. This diffusion time increase indicates that
the magnetic Reynold's number and therefore the conductivity of the
gas have increased considerably, in view of Eq. 6.
RESULTS AND CONCLUSIONS
The experimental data taken indicate two important results con-
cerning the interaction of a plasma with the magnetic field of a sole -
noidal coil.
First, a reflected shock wave is produced purly through the inter -
action of the radial field component and the plasma. This shock is
formed further upstream from the field coil as the magnetic field is
increased. Also, as the gas enters the coil it is channelled as the
magnetic field intensifies, so that the field coil looks like a nozzle to
the gas.
Finally the conductivity increases considerably as the gas is com-
pressed. This indicates that a design for an energy converter need
not require magnetic Reynold's numbers as high as calculated, because
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the conductivity and magnetic Reynold's number increase as the plasma
enters the field coil.
These results indicate a need to investigate the amount that the
magnetic Reynold's number grows through this effect. As the mag-
netic field is increased further the magnetic Reynold's number will
drop since the nozzle effects of the coil begin to choke off the plasma
and decrease the velocity. An experimental investigation of this effect
should be made to find the optimum amount of channelling to acquire
a maximum value of RM.
Finally, measurements should be made with a smear camera across
the tube to find the area ratio of the plasma as the magnetic field is
intensified. Using these data, information can be extrapolated from
the flux-excluded-ratio curves, to obtain information about the con-
ductivity of the gas as the magnetic field of the coil is increased.
APPENDIX A
MAGNETIC PULSE CIRCUITS
Introduction
A large -current pulse circuit is used to produce magnetic fields
whose duration is long compared to the travel time of a shock wave.
Two systems are used to give variable magnetic fields over the full
range from 900 -30, 000 gauss.
Small Pulse System
The fundamental circuit used is a thyratron in series with a charged
capacitor and the field coil. This circuit produces a half cycle of a
sinusoidal time -varying field. Fig. A-i. 1 shows the complete circuit.
With the second thyratron removed, the waveforms are as shown in
Fig. A-1. 2. There are two disadvantages to this circuit as it stands.
For high initial voltages, the reversal ratings on most oil capacitors
are exceeded. Secondly the duration of the maximum field is relatively
short compared to the total pulse length. Both problems are solved
by placing thyratron (2) in the circuit biased "on" as shown. The sys -
tem is initiated by pulsing the grid of thyratron (1). During the first
quarter cycle thyratron (2) is back biased from plate to cathode by the
voltage across the field coil. When this voltage passes through zero,
the second thyratron conducts the current to produce an RL decay.
The waveforms appear in Fig. A-1. 3.
Parameters of Small System:
Field coil: Solenoidal coil - 2. 5 cm inside radius, 6 cm outside
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30 Kv12Mg
Powcft ssi rply
S Z 2
e.., 
A1.I
TljyjtAqtbm Pwl% CiccuiT u/v om
Air I
radius - 3. 5 cm thick; 720 turns No. 14 formvar copper wire; induct -
ance ~ 24 mh.
Capacitor: 4 jif - 12 kv max.
Thyratron: 5C22 hydrogen - 16 kv, 350 amps peak.
Ringing frequency: ~ 500 cps.
Field range: 500 -9, 000 gauss.
Large Pulse System
The large system is similar to the circuit of Fig. A -1. 1 with the
circuit elements changed. The network is shown in Fig. A-2. The
thyratrons used in the small system are replaced by ignitrons which
have a current carrying capacity of 35, 000 amps. The circuit used
to fire these ignitrons is essentially the thyratron circuit described
above with different element values. The ringing frequency of the
thyratron circuit is slightly higher than the ringing frequency of the
ignitron circuit so that 12 is ignited before the voltage on the field coil
forward biases the ignitron. When the current through the field coil
goes through the peak of the sine wave, ignitron (2) is switched on and
conducts, producing waveforms much like those of Fig. A-1. 3. The
capacitor in the trigger circuit is charged to 2. 1 kv. The 400 pif
capacitor is charged from 200 to 4, 000 volts, depending on the mag-
netic field desired.
A. Trigger Circuit
Thyratron: 5C22 hydrogen - 16 kv peak voltage - 350 amps peak
CLI 171
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Capacitor: 25 jLf - 4 kv.
Coil: 2. 7 mh coil.
Ringing frequency: ~ 640 cps.
B. Ignitron Circuit
Ignitron: GL7171 General Electric
10 kv - 35 ka peak - air cooled.
Capacitor: 400 1f - 4 kv.
Field Coil: 300 sth - 64 turns - 4 in hand No. 12 formvar copper
wire on solenoidal form ID - 2. 5 cm; OD - 6 cm; 3. 5 cm thick potted
with stycast 4030 compound.
Ringing frequency: 460 cps.
Field Range: 2 - 30 kilogauss.
The system is constructed in a container provided with forced air
circulation. An infrared heat lamp is used to maintain the required
anode to cathode temperature gradient. Thermocouples are used to
measure this gradient. The main conductors to the ignitrons are con-
structed with copper tubing. The constructed device is shown in a top
view, in Fig. A-3.
I
ii
.... ... ..
: :j : 0: :*S 0dO: e:e:e:e: :.: 0: 0: o:e g
.~~ ..oo~
o-'e.:.::~::~:::.:.:.:e:.:.:.:.:.:.:.:.: e
..... :.:.:e: . :.:e:e:.:. :e:e:e:e:e:.:.:.:. . .. e .
* : ...:e::e:e::.:::*:qe:.e:ee:.:e.:e:.:e:.:e:e:
S* ::e:e: :: :e:::sr :ee....:e:e:e:e:e: :
* ~. * ::::e:es.:e:...:.:.::
. ::::::O:*::::: 00:0: S0:::0:. 9
's~~ee~ee~~ee~ee~~e~~eos - * *r
a~s~e~e~e e:e:e: R e................. .
. . .. . .. . .. . . . . . . .. .. .. . . ..
.. .. . . . .
e~e~e~~e~e~~e~eMOMie:
..:..... ............... .....:.
F1G A-
APPENDIX B
SMEAR CAMERA AND TIMING SYSTEM
In order to make repeatable smear camera pictures, an accurate
timing system was needed. The design is versatile in that delay times
are adjustable and the camera can be operated at different speeds with
ease.
The camera is a high speed induction motor running single phase
connected through a bellows coupling to a flat mirror. The light from
the shock tube is focused on a sheet of film placed on a circle of 40 cm
radius from the mirror. The light coming from the shock tube is swept
across this sheet of film by the rotating mirror, making a distance
versus time history of the shock.
A starting pulse for the system is obtained by reflecting a beam of
light off a thin reflecting strip mounted on the bellows, into a 931 A
photomultiplier, as shown in Fig. B-1. This pulse is amplified and
enters a gate circuit which is the initial stage of the timing system
shown in Fig. B-2. The gate circuit consists of a tube initially cut off.
Upon switching the tube into the amplification region the pulses are
passed to the grid of a 2D21 thyratron which is in series with an LC
circuit. When the thyratron is actuated, the initially charged capaci-
tor discharges into the inductor and the usual oscillation begins, and
lasts one -half cycle until the thyratron is extinguished by the current
reversal. The output voltage seen across the inductor serves as a
pulse. This pulse is used to initiate the first delay. This same pulse
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circuit is used as a trigger for the magnetic field supply and delay (2),
as well as an initiating signal for the shock tube trigger.
The delay circuit (2) is set to fire the tube when the magnetic field
is at a peak value. Delay (1) is set to synchronize the smear camera
mirror with the shock tube trigger. The gate, delay and pulse forming
networks are shown in Figs. B-3 and B-4. Fig. B-5 shows the smear
camera and timing system with associated controls.
Results
When the camera is rotating 30, 000 rpm (. 42 ps/mm writing speed)
the maximum time jitter allowed is 8 pjs. The jitter of the total sys -
tem is less than 1 ps, with 98 per cent of attempted shots successful.
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APPENDIX C
In Fig. 5 it is assumed that the pressure in the magnetic field
region can be represented by
* B2
P =P +- (C-1)2L
as given in Eq. 9. It is necessary to determine the region in which
the ordinary gas dynamic relations can be applied to this new pres -
sure. Assuming steady state, isentropic inviscid flow of a perfect
gas, with uniform properties behind the shock and neglecting ioniza-
tion, the equations governing the motion are,
Continuity: p 0 U0 = p IU I (C -2)
B2  B2
Momentum: P + pU 2 + 0= P +p U2 + 1 (C -3)
2 22 U2
P B UP B1  U2
Energy: - + - + - + + (C..4)
S- ) 1O p0p 2 'Y - 1 p i 2Co 2
For perfect conductivity
B B
- - (C -5)
P0  p1
Eliminating p 1 , U1 , and P in these equations,
P B2 U2B B2 B P B B(y-1) B (y-1) U2
0 T2T 0 0 1 1lo 01 + _ _0
p 0 o 2pi±o B 2 ppo p0B pO 2By
B (y-1) B U2(Yp 
_ 0o (C-6)
po Loy 2 By
C2aS
02
B2
0
YP 0 11
B
Caa A=pw=lfven velocity
C0 Sound velocity
Mach number
Employing these to simplify Eq. C-6:
2 M2 2yx2 y + I1
x - - - + - x
-Y - 1 2 y -Y 1 Y - 1 )
(-y-2)
S -- - x +
2(Y-1)
(C-1 1)
where
B p0
xB = 11 1 P
For reqular gas dynamics the equation reduces to the left -hand side
of C-11. For M0 -c,
2 2Y Y - 1
x - x +---- 0Y+1 y+1 (C-13)
For y= 1.4
37
Let
where
(C-7)
and
(C-8)
and
U
M = 0M Y
(C-9)
(C-10)
2( 1)
(C-12)
x = 1 Mach wave
x = 1/6 compression wave
Linearizing Eq. C -I1 about x0 = 1/6:
2M f(x) = -1 + 2S
x 6 (1 + 2S
1 57 M2
0
Requiring x1 4 1/20
For S 4 10
Eq. C-17 gives
M > 220
Under these conditions the shock relations can be used:
P
y
Px
--Y M -- -
Y+1 x Y+1
T ( 
y- 1
2((y+ 1)2
2 (y- 1 )
2y
2
x
M)2
2 2 2 y+ 1
x y-1 y- x y
where x and y refer to upstream and downstream conditions respec -
tively. The Mach numbers are measured with respect to the shock
front. Applying these relations to Fig. 5 with the boundary conditions
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(C -14)
(C-15)
(C-16)
(C-17)
(C-18)
(C0-19)
- 1)
(C-20)
(C-2 1)
V 2  V4
B 2
p2 4 4
Two relations are found between the Mach numbers
J2y(y-1)' F1
B a M e +M(y+1) c
hM e+ 
(e
MB + PB
where
V
a =
0
V
B , B
0
M V +V 0
C1
and
B 2
p 0
PB 2 0
Combining Eq. C-23 and C-24 to eliminate MB
(y+l) + 2y(Mc - 1)
(14)P
(C-27)
2y(y-1)
- M] + (y+1) + 2
C c
M]
C1 V~y(y-')
(C -28)
Assuming Mc > 3, Eq. C-27 reduces to a quadratic
212y(y-1) (Y+1)(1 +)
PLB2Y(Y-1) 1 + p-) - 2y(y+l)
o
(C -22)
(C -23)
(C -24)
(C-25)
(C -26)
M2
c
2Y(Y-1) 1 + p - 2y(y+1)
(C-29)
After simplifying the problem to this stage only order of magnitude
calculations can be made using this equation.
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